T
he challenge of the immune system is to generate an effective immune response including the generation of effective memory cells to external pathogens, yet to be tolerant to self. For this purpose, both central tolerance in the thymus and peripheral tolerance play important roles. Additionally, different roles are assigned to innate and adaptive immunity to achieve this goal. Interleukin (IL)-2 and IL-15 (1-3), among many cytokines, are major participants in this regard. In T͞NK cells, IL-15 shares receptor components with IL-2, thus the biological activities of these two lymphokines overlap (2) (3) (4) . Many biological functions have been proposed for IL-15 from in vitro studies (reviewed in ref. 5 ). However, IL-15 is produced by nonlymphoid cells including monocytes (6) , dendritic cells (7, 8) , and bone marrow stromal cells (9) (10) (11) , whereas IL-2 is produced exclusively by activated T lymphocytes. In addition, the distribution of the ligand-specific receptor component IL-2R␣͞CD25 is different from that of IL-15R␣ (4) . Collectively, these data suggested that IL-2 and IL-15 might exert distinct functions in vivo. Indeed, we have previously demonstrated that only IL-15, and not IL-2, activates mast cell proliferation through the use of a novel receptor͞signaling system (12, 13) . Even in T͞NK cells where the conventional IL-2͞15R␤ and ␥c are used for IL-15 signaling, accumulating evidence suggests more differences than similarities between IL-2 and IL-15 functions. For example, mice deficient in IL-2R␣ or IL-15R␣ displayed sharp contrasts in their phenotypes. In the IL-2R␣ Ϫ/Ϫ mouse, a polyclonal T cell expansion was observed associated with autoimmune diseases, but the animal had normal numbers of NK cells (14) . In contrast, NK, NK-T, CD8 T, and ␥␦ T cells were deficient in the IL-15R␣ Ϫ/Ϫ mouse, without autoreactive T cell propagation (15) . Similarly, IL-2 Ϫ/Ϫ (16) and IL-15 Ϫ/Ϫ (17) mice showed marked differences in their phenotypic characteristics. These pieces of data support the hypothesis that IL-2 and IL-15 are molecules with distinct functions (18) .
As one of the means to address IL-15 functions in vivo, we generated a transgenic mouse expressing human IL-15. Analyses of the IL-15Tg mouse allowed us to reassess IL-15 functions in the persistent presence of this cytokine. Indeed, we recapitulated the importance and involvement of IL-15 in the development of NK cells and memory phenotype CD8 T cells (19) . We also observed that innate immunity was more efficient against viral infections in the IL-15Tg mouse. Unexpectedly, the adaptive immunity of the IL-15Tg mouse was distinct in that the IL-2-induced activation-induced cell death (AICD), a major mechanism underlying peripheral self-tolerance (20) , was inhibited by the presence of IL-15. Collectively, these pieces of evidence support the emerging notion that IL-2 and IL-15 must be balanced to achieve appropriate cellular immunity during immune responses (21) .
Materials and Methods
Generation of a Transgenic Mouse Expressing Human IL-15. Complementary DNAs encoding the bovine preprolactin signal peptide (SP), human IL-15 mature coding sequence, human elongation factor 1␣ promoter (22) , and simian virus 40 poly(A) signal were amplified by PCR. The cDNAs were then fused to generate an expression construct, which was microinjected into fertilized eggs of C57BL͞6 mice to obtain several founder mice. Hemizygous Tg mice were generated by mating founder mice with wild-type (wt) C57BL͞6 mice.
RNase A͞T1 mixture (PharMingen). The resultant RNA-RNA duplex was resolved by a 6% denaturing polyacrylamide gel.
BrdUrd Incorporation Assay. Mice were given drinking water containing 0.8 g͞ml BrdUrd (Sigma) for 4 days. Cells were fixed with 70% ethanol and stained by an anti-BrdUrd antibody (Becton Dickinson).
Virus Infection Experiments. Briefly, 2 ϫ 10 8 plaque-forming units of wild-type Syeth vaccinia virus (a kind gift from Jeffrey Schlom, National Cancer Institute) were injected (i.v.) into five Tg and five age-matched wt mice. At the indicated time postinfection, blood was collected and analyzed by a standard CV-1 plaque assay.
Activation-Induced Cell Death. Splenic CD4 T cells were purified by using a negative selection (MACS system, Miltenyi Biotec, Auburn, CA). Purified CD4 T cells (Ͼ95% in purity) were stimulated by a plate-coated anti-CD3 antibody (145-2C11, PharMingen) in the presence of 5 g͞ml soluble anti-CD28 antibody (clone 37.51, PharMingen) for 48 h, then transferred to the cytokine culture with 1 nM IL-2 for 48 additional h. Cells were then finally restimulated with plate-coated anti-CD3͞ CD28 antibodies to induce AICD. Apoptotic cells were defined by propidium iodide͞Annexin V-GFP (CLONTECH) staining and then analyzed by FCM.
Results
Expression of the Human IL-15 Transgene in the IL-15Tg Mouse. We reported that the expression of IL-15 protein is negatively regulated posttranscriptionally by inefficient translation and intracellular trafficking (12, 24) . Therefore, experiments were first carried out to design a transgene construct that would enable an optimal secretion of IL-15. Two elements were examined. One was the choice of the SP and the other concerned that of the mature coding sequence. We reported that two isoforms of IL-15 SPs exist and that only the IL-15 with the long signal peptide (LSP) (48 aa) is secreted (25) . However, this LSP was not very efficient in secreting IL-15, as substitution of the LSP by the IL-2 SP increased IL-15 secretion (24) . We tested IL-2 and bovine preprolactin SPs and chose the preprolactin-SP, as this gave the best secretion when examined in the COS-7 expression assay (Fig. 1A) . Previous reports support the notion that NK cell induction and T cell activation in mice are successfully achieved by human IL-15 (9, 19) . In addition, limited resources are available for studying murine IL-15 functions. Therefore, we decided to express human IL-15 in the mouse. The construct design used is shown in Fig. 1B .
After establishing seven founders that showed transgene integration, F 1 mice from each founder were tested for the serum levels of human IL-15 by using a commercial ELISA kit. We observed detectable levels of human IL-15 from three strains: K2, B1, and J2. The K2 strain expressed the highest amount of IL-15 (650-800 pg͞ml, 40-65 pM), and B1 mice had 150-200 pg͞ml IL-15 in their serum. For most studies shown below, we used hemizygous mice from the K2 and B1 strains to confirm that any obtained phenotype was a consequence of the overexpression of IL-15 and not due to the disruption of other cellular gene functions by the transgene insertion.
The IL-15Tg Mouse Has Increased Numbers of NK Cells. We next determined whether the overexpression of human IL-15 in the mouse led to phenotypic changes in the lymphoid compartment. Numbers of previous reports demonstrated a pivotal role for IL-15 in the development and maintenance of NK (9, 10, 15, 26, 27) , NK-T (9, 10, 15) , and CD8 ϩ T cells (15, 19) , as well as ␥␦ ϩ intraepithelial T cells (15, 28) . Indeed, we observed an increase of NK1 ϩ CD3 Ϫ cells ( Fig. 2A) in the bone marrow (from 0.8% to 7.6%), spleen (from 3.4% to 8.0%), and liver (from 16.1% to 33.3%). There was a correlation between the serum IL-15 level and the increase of NK cells when we compared mice from K2 and B1 strains (summarized in Table 1 ). Interestingly, we did not observe the increase of NK cells in the thymus.
Increase in the Proportion of CD8 But Not CD4 T Cells in the IL-15Tg
Mouse. We next examined T cell subsets in the IL-15Tg mouse. As shown in Fig. 2B , we observed a preferential expansion of CD8 T cells in the IL-15Tg mouse. The number of CD4 cells from the IL-15Tg spleen was close to that of wt mice, indicating that the CD8 population was selectively propagated in the IL-15Tg mice. Again, this preferential expansion of CD8 T cells was not observed in the thymus, suggesting that these IL-15 functions are associated with cells in the peripheral lymphoid compartment. Zhang et al. (19) have demonstrated that injection of IL-15 protein into mice facilitated a propagation of CD8 T cells with memory phenotypes. To examine whether such an expansion occurred under the persistent presence of IL-15, CD8 To examine whether T cells from the IL-15Tg mouse showed any functional defects in their response to antigen-like stimulation, the response of splenic lymphocytes to anti-CD3 stimulation was monitored by the incorporation of [ 3 H]thymidine. As shown in Fig. 2D , no difference was observed between lymphocytes from wt and IL-15Tg mice, suggesting that T cells from the IL-15Tg mouse are not spontaneously activated and that they retain the capacity to respond to primary antigen stimulation.
Increase of CD8 ؉ NK-T But Not CD4 ؉ NK-T Cells in the IL-15Tg Mouse.
In the IL-15Tg mouse, we observed the propagation of NK1 ϩ CD3 ϩ cells. However, a three-color FCM analysis revealed that these were not the typical CD4 ϩ NK-T cells as originally described by Bendelac et al. (29) . As shown in Fig. 2 A, cells expressing both the NK and CD3 antigens were increased slightly in the bone marrow and spleen. When the CD3 ϩ NK1 ϩ cells were gated for further analysis for CD4 or CD8 expression, we observed that a significant fraction (Ͼ40%) of NK-T cells in spleen and liver expresses CD8 but not CD4 (Fig. 3A) . Such CD8 NK-T cells did not exist in the wt mouse (Fig. 3A) . Anti-CD8␤ antibody failed to stain the same cell population, indicating that these NK-T cells express CD8␣␣Ј rather than CD8␣␤ (Fig. 3A) . Thus, IL-15 seems to induce CD8 ϩ NK-T cells rather than CD4 NK-T cells. Interestingly, an ex vivo culture of wt bone marrow cells with cytokines such as IL-2 and IL-15 led to the propagation of similar CD8 ϩ NK-T cells (Fig. 3B) . Therefore, IL-2, in addition to IL-15, is capable of inducing such cells, and CD8 NK-T cells are a cytokine-inducible population in this regard. IL-15 is known to function as an anti-apoptotic factor (31) . To determine whether IL-15 had increased select cells in the IL-15Tg mouse by acting as a growth factor or anti-death factor, mice were labeled with BrdUrd in the drinking water for 4 days, and the cells were analyzed for the BrdUrd incorporation. As shown in Fig. 4 , NK, CD8 NK-T, and CD44 hi CD8 T cells from the IL-15Tg mouse displayed a greater incorporation of BrdUrd than did cells from the wt mouse, indicating that IL-15 indeed drove these cells into cell-cycle progression and thereby led to the propagation of these cells. Increase of NK, NK-T, CD8, and ␥␦ T cells in two strains (B1 and K2) NT, Not tested. Augmented Spontaneous Cytotoxicity by IL-15Tg Splenic Lymphocytes. IL-15 augments cytotoxicity of NK cells in vitro (26) . We postulated that NK cells from the IL-15Tg mouse might display constitutive cytotoxicity against target cells. To examine this issue, splenic lymphocytes were isolated from wt or IL-15Tg mice, and their spontaneous lytic activity against YAC-1 cells was examined. As shown in Fig. 5A , only splenocytes from the IL-15Tg mouse, but not those from the wt mouse, displayed meaningful lytic activity against YAC-1 cells. The addition of high-dose IL-15 led to the induction of cytotoxicity by wt spleen cells, suggesting that the constitutive lytic activity seen with the Tg splenic cells was directly mediated by the IL-15 produced in the IL-15Tg mouse. We next asked whether or not this spontaneous lysis came solely from NK cells. The intraperitoneal injection of the anti-asialo GM1 antibody did not change the number of CD8 ϩ NK-T or CD8 T cells (data not shown), but the NK cell number dropped almost to zero (8% to 0.3% in the spleen) in the IL-15Tg mouse. After this treatment, splenic lymphocytes from the IL-15Tg no longer showed lytic activity against YAC-1 cells (Fig. 5B) , confirming that only classical CD3 Ϫ NK cells contributed to the cytotoxicity against YAC-1 cells seen with the IL-15Tg mouse. Thus, the activation and propagation of NK cells in the IL-15Tg mouse led to constitutive cytotoxicity in lymphoid organs such as the spleen. This finding supports the importance of IL-15 in regulating the cytotoxicity mediated by NK cells.
Augmented Antiviral Immune Response in IL-15Tg
Mice. The IL-15Tg mouse displays increased numbers and augmented functions of NK cells, which are involved in various immune responses directed toward eliminating viral infection. Therefore, we next examined whether the IL-15Tg mouse had an increase in innate immunity. To this end, we infected mice with the wt vaccinia virus. As shown in Fig. 6 , the viral titer in the serum from IL-15Tg and wt mice was markedly different. Clearance of the virus was much quicker in the IL-15Tg mouse than in the wt control. The observed increase of the NK cell number and activity, as well as the results obtained with the vaccinia infection, demonstrates the augmented innate immunity of the IL15Tg mouse.
Cytokine Production by T Cells from the IL-15Tg Mouse. The cytokine network plays an important role in the maintenance of the immune response. The overproduction of IL-15 could theoretically disrupt the cytokine homeostasis in the mouse. To address this issue, CD3 T cells were challenged with an anti-CD3 antibody to examine the production of IL-2 and ␥-IFN, two major T cell cytokines. T cells from the IL-15Tg mouse produced higher levels of ␥-IFN and lower levels of IL-2 than those from the wt mouse (Fig. 7A) . However, such changes might be explained by the change in the ratio between CD4 and CD8, as IL-2 is predominantly produced by CD4 cells whereas CD8 cells produce more ␥-IFN than do CD4 cells. However, it is to note that the cytokine environment in the IL-15Tg may be more directed toward ␥-IFN than in the wt mouse. 6 . Augmented viral clearance in the IL-15Tg mouse against the vaccinia virus. 2 ϫ 10 8 plaque-forming units of the wt vaccinia virus were injected into five wt and IL-15Tg(K2) mice, and their blood was collected at the indicated time points after infection. After removing the plasma, blood cells were lysed by repeated freeze-thaw cycles, and the lysates were incubated with CV-1 cells for 36 h to monitor plaque formation. Fig. 7. (A) Reduced IL-2 production from T cells from the IL-15Tg mouse. CD3 T cells from either wt or IL-15Tg(K2) mouse were stimulated by CD3͞CD28 antibodies, and cytokine production was measured by specific ELISA. (B) Reduced IL-2-induced AICD by the CD4 T cells purified from the IL-15Tg mouse and the restoration of AICD with the inclusion of an anti-IL-15 neutralizing antibody. CD4 cells (Ͼ95% pure) were first activated by CD3͞28 antibodies for 48 h and then cultured with 1 nM IL-2 in the presence or absence of the M111 anti-IL-15 Ab (10 g͞ml, Genzyme) for 48 h. Cell death was induced in the third culture period by the treatment with anti-CD3͞28 antibodies for 6 h. Dead cells were monitored by staining using the propidium iodide͞Annexin V-GFP (CLONTECH). The data represent one of three independent experiments. still occurs in the IL-15Tg mouse. Interestingly, we observed that T cells from the IL-15Tg did not undergo apoptosis as efficiently as did the T cells from the wt mouse (Fig. 7B) . We wondered if this phenotype was due to the alteration in the nature of CD4 T cells induced by the persistent presence of IL-15 in the IL-15Tg mouse or if it was due to an inhibition of IL-2 action by IL-15. To test these alternate hypotheses, a neutralizing antibody against human IL-15 was included in the assay. As shown in Fig.  7B , the antibody effectively restored the capacity of Tg CD4 T cells to undergo AICD, suggesting that this phenotype observed with IL-15Tg cells was reversible. This observation addressed two issues. Although CD4 cell numbers did not change in the IL-15Tg mouse, the overproduction of IL-15 has an effect on their function. Second, the restoration of AICD in the Tg CD4 T cells by the anti-IL-15 antibody indicated that the overproduction of IL-15 per se caused an alteration in the adaptive T cell immunity in these mice. Collectively, these pieces of evidence suggest that the IL-15 overproduction disrupted the normal balance between IL-2 and IL-15 and led to an abrogation of one of the critical responses, namely the AICD, required to maintain appropriate adaptive immunity. Thus, it is expected that a long-term observation of the IL-15Tg mice may demonstrate a disorder of certain immunological capacities in these mice.
Lack of Activation-Induced Cell

Discussion
In this study, by generating a mouse overexpressing IL-15, we tried to clarify the in vivo functions of this cytokine that our group codiscovered in both innate and acquired immunity. We observed an expansion of NK, CD8CD44 hi T, and ␥␦ dendritic epidermal T cells, all of which are deficient in IL-15 Ϫ/Ϫ or IL-15R␣ Ϫ/Ϫ mice. We did not observe any change in the number of B cells or monocytes. Interestingly, a subset of NK-T cells expressing CD8␣␣Ј emerged in this mouse, indicating that these are a novel cytokine-inducible cell. Ishida and coworkers (33) generated IL-2 Tg and IL-2R␣ Tg mice, but neither displayed any apparent immunological phenotype with the exception that the IL-2Tg mice suffered from alopecia and pneumonia. However, when they crossed the IL-2 and IL-2R␣ Tg mouse to generate an IL-2͞IL-2R␣ double Tg mouse (34), they observed the propagation of NK cells. Taken together with our IL-15Tg results, one may postulate that the combination of IL-2͞IL-2R␣ expression mimicked bona fide IL-15 function, as IL-15R␣ is constitutively expressed on NK progenitor cells. Our view is that although the IL-2͞IL-2R system plays a secondary role in NK cell activation, IL-15 is the primary cytokine in the development of NK cells. Consistent with this hypothesis is the fact that the IL-2 Ϫ/Ϫ mouse had intact numbers of NK cells (16) , whereas the IL-15 Ϫ/Ϫ or IL-15R␣ Ϫ/Ϫ mice lacked such cells and the IL-15Tg mouse manifested a marked increase in the number of NK cells in diverse organs.
Another interesting difference between the IL-2͞IL-2R␣ Tg and the IL-15Tg mouse is associated with CD8 T cells. Propagation of CD8 T cells observed with the IL-15Tg mouse was not observed with the IL-2 Tg mouse or the IL-2͞IL-2R␣ double Tg mouse. Incidentally, the IL-2Tg mouse expressed 10-500 pM IL-2 in the serum (34), a value comparable to that of IL-15 in our IL-15Tg mouse. Therefore, the differences between IL-2 and IL-15 in the propagation of CD8 T cells cannot be attributed to the differences in the concentrations of each lymphokine in the body fluids. This suggests that the signal transduced by the IL-15R␣␤␥ complex and that by the IL-2R␣␤␥ complex might be qualitatively different, despite the sharing of the ␤␥ classical signaling receptor components between these two receptor systems.
The expansion of the CD8 ϩ NK-T cells is another interesting feature associated with the IL-15Tg mouse. Although NK-T cells found under normal conditions express CD4 antigen, the existence of CD8-type NK-T cells raises a question concerning the current understanding of the ontogeny of the NK-T lineage cells. We confirmed that CD8 NK-T cells did not produce IL-4 upon antigen-like stimulation, although they produced ␥-IFN, an observation suggesting a functional difference between CD4 and CD8 NK-T cells.
Propagation of CD8 (21) indicated that IL-15 supports the survival of functional memory CD8 cells. In our study, although the mice were kept in a pathogen-free environment, we observed the propagation of such cells and noted that these cells lack the expression of early T cell activation markers such as CD25 or CD69. It is possible that either an autoantigen or some environmental antigens may have primed these CD44 hi CD8 T cells in the IL-15Tg mouse. So far, we have not observed any signs of autoimmune phenomenon in the IL-15Tg mouse on the C57BL6 background. Perhaps crossing of the IL-15Tg onto a different genetic background may be needed to further address this issue.
We observed in the IL-15Tg an augmented immunity against infections that are associated with NK and CTL activities. In particular, experiments using the vaccinia virus indicated that IL-15Tg mouse is more efficient in clearing the virus in the early phase of infection. As noted above, IL-15 plays a significant role in the proliferation of select lymphocytes including NK cells, CD8 NK-T cells, and especially memory phenotype CD8 T cells. This cytokine also acts to extend the survival of lymphocytes by inhibiting apoptotic death (31) . In particular, ex vivo studies involving CD4 T cells from the IL-15Tg mouse demonstrated the lack of IL-2-induced AICD, a form of T cell suicide required to maintain peripheral self-tolerance. Of interest is the additional observation that the inclusion of an anti-IL-15 antibody resulted in the restoration of the ability of IL-2 to induce AICD with CD4 T cells from the IL-15Tg mouse. Thus, the IL-15Tg mouse system facilitated the elucidation of a new role for IL-15 in the regulation of peripheral T cell tolerance. IL-2 and IL-15 have conf licting effects not only in IL-2-induced AICD but also in some other CD4 T cells responses (S.D. and Y.T., unpublished observation). In a different system, Ku and coworkers (21) demonstrated such opposing effects of IL-2 and IL-15 in the maintenance of functional CD8 memory T cells. Again, IL-15 was involved in the survival and maintenance of lymphocytes, whereas IL-2 seemed to reduce the number of CD8 memory T cells. Thus, in adaptive immunity, IL-2 favors the elimination of lymphocytes by inducing cell death, and IL-15 contributes to the survival and perpetuation of T cells. However, it should be noted that this potential of IL-15 can be dangerous to the body, as the survival of autoreactive T cells can led to the onset of an autoimmune disease. For example, it was proposed that IL-15 might be associated with the cause of rheumatoid arthritis (35) . Thus again, the proper balance between IL-2 and IL-15 is an important element in the maintenance of appropriate immunity. In summary, both IL-2 and especially IL-15 are critical for NK cell-mediated innate immunity. However, they have competing roles in adaptive immunity with IL-2 responsible for tolerance to self-antigens, whereas IL-15 plays a major role in the perpetuation of memory lymphocytes during normal immune responses.
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